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SUMMARY

We previoudly established a rapid three-dimensional assay
for discrimination of normal and malignant human breast
epithelial cellsusing alaminin-rich reconstituted basement
membrane. In this assay, normal epithelial cells differenti-
ate into well-organized acinar structures whereas tumor
cellsfail torecapitulate thisprocessand produce large, dis-
ordered colonies. The data suggest that breast acinar mor -
phogenesis and differentiation is regulated by cell-extra-
cdlular matrix (ECM) interactions and that these
interactions are altered in malignancy. Here, we investi-
gated the role of ECM receptors (integrins) in these
processes and report on the expression and function of
potential laminin receptors in normal and tumorigenic
breast epithelial cells. Immmunocytochemical analysis
showed that normal and carcinoma cellsin a three-dimen-
sional substratum express profiles of integrins similar to
normal and malignant breast tissues in situ. Normal cells
express al, a2, a3, a6, 1 and B4 integrin subunits,
whereas breast carcinoma cells show variable losses, dis-
ordered expression, or downregulation of these subunits.
Function-blocking experiments using inhibitory anti-
integrin subunit antibodies showed a >5-fold inhibition of
the formation of acinar structures by normal cells in the

presence of either anti-B1 or anti-a3 antibodies, whereas
anti-a2 or -a6 had little or no effect. In experimentswhere
collagen type | gels were used instead of basement
membrane, acinar morphogenesis was blocked by anti-31
and -a2 antibodies but not by anti-a3. These data suggest
a specificity of integrin utilization dependent on the ECM
ligandsencountered by thecell. Theinterruption of normal
acinar mor phogenesis by anti-integrin antibodies was asso-
ciated with an inhibition of cell growth and induction of
apoptosis. Function-blocking antibodies had no inhibitory
effect on the rate of tumor cell growth, survival or capacity
to form colonies. Thus under our culture conditions breast
acinar formation isat least a two-step processinvolving 31-
integrin-dependent cellular growth followed by polariza-
tion of the cells into organized structures. The regulation
of this pathway appearsto beimpaired or lost in the tumor
cells, suggesting that tumor colony formation occurs by
independent mechanisms and that loss of proper integrin-
mediated cell-ECM interaction may be critical to breast
tumor formation.
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INTRODUCTION

It is now widely accepted that extracellular matrix is a key
component of tissue microenvironment and a determinant of
functional differentiation in developing and adult epithelia
(Stoker et al., 1990; Adams and Watt, 1993; Hay, 1993). In the
mammary gland, extensive data exist showing that basement
membrane components regulate the morphological and func-
tional differentiation of mammary epithelial cellsin cultureand
in vivo (Streuli et a., 1991; Petersen et a., 1992; Shearer et
al., 1992; Sympson et a., 1994; for review see Howlett and
Bissdll, 1993). In addition, altered interactions with ECM have
been observed in mammary tumor development, emphasizing
the importance of microenvironmental regulation in normal

development and malignancy (Chiquet-Ehrismann et al., 1986;
for reviews see Haslam, 1991; Roskelley et al., 1993).

We recently established an assay for analyzing the mecha-
nisms by which normal and malignant human mammary
epithelial cells are regulated by microenvironmental cues in
culture (Petersen et al., 1992). In this assay, when normal cells
from twelve reduction mammoplasties and two normal cell
lines were embedded in a reconstituted basement membrane as
single cells, they underwent a process of morphogenesis to
generate small, well-differentiated acinar structures that fre-
quently deposited an endogenous basement membrane,
secreted sidlomucins apically, and stopped growing. In
contrast, tumor cells from six established breast carcinoma cell
lines and two breast carcinoma specimens failed to recapitu-
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late this process and produced large, disorganized, poorly dif-
ferentiated colonies and as far as the cell lines were concerned
grew continuously. These data indicate the importance of cell-
basement membrane interactions in the regulation of normal
breast differentiation and point to a loss of this regulation in
tumorigenesis. Since the two contrasting phenotypes expressed
by normal and tumor cells are apparent only in the context of
aphysiologically relevant microenvironment (i.e. three-dimen-
sional basement membrane) we hypothesized that correct cell-
ECM interactions are suppressive for the expression of
aberrant growth and differentiation characteristics. In other
words, we proposed that as breast tumor cells manifest their
malignant phenotype, they lose the capacity to respond
correctly to information provided by the ECM.

Signals provided to mammary epithelium by basement
membrane may be mediated by integrins, the transmembrane
heterodimeric cell-surface receptors that link ECM to structural
and functional elements within the cell (Hynes, 1992; Damsky
and Werb, 1992; Juliano and Haskill, 1993). Evidence from the
mouse mammary gland indicates that the expression of the
mammary-specific gene 3-casein is triggered by signals from
basement membrane, specifically conferred by elements of the
laminin molecule (Streuli et al., 1991, 1995). The ECM signal
is transduced through the B1 integrin family, as evidenced by
the ability of function-blocking anti-B1 integrin antibodies to
block the expression of 3-casein (Streuli et al., 1991). With the
advent of reliable criteria for discriminating norma and
malignant human breast epithelia cells using basement
membrane (Petersen et a., 1992), it is now possible to analyze
the mechanisms of tumor cell responsiveness to basement
membrane in relation to normal cells and the role of integrins
in this process. Several integrin receptors for laminin are
expressed in norma human mammary epithelium. These
include a1B1, a2B1, a3B1, a6l and a6p4. Altered expression
of these receptors is a common occurrence in breast tumors
(Zutter et al., 1990; Koukoulis et a., 1991; D’Ardenne et d.,
1991; Pignatelli et al., 1991, 1992; Jones et al., 1992; Natali et
a., 1992; Zutter et a., 1993; Berdichevsky et a., 1994),
implying that loss or downregulation of integrins may be critical
to the development of malignancy by altering ECM-induced
differentiation. It is not possible to conclude from surveys such
as those mentioned above which of the many integrins
expressed may be functionally active nor which change(s) in
integrin expression may be of consequence in tumorigenesis.

We have used our reconstituted basement membrane assay
to investigate the mechanisms of normal breast and breast-
carcinoma cell interactions with basement membrane and have
analyzed the expression and function of severa integrins that
recognize laminin. We report that: (1) normal cells and tumor
cells express profiles of laminin-binding integrin receptor
subunits that are similar, respectively, to those of normal and
malignant breast tissue in situ; (2) cell survival, growth, and
morphogenesis of acinar structures by normal cellsis integrin
dependent; and (3) the formation of disordered colonies by
tumor cells occurs by pathways that are independent of those
utilized for formation of acinar structures.

MATERIALS AND METHODS

Substrata and antibodies
EHS matrix was prepared from EHS ascites tumors passaged in

C57BL mice at aconcentration of 7-10 mg/ml and stored at 0-4°C for
up to 4 weeks as described (Streuli et al., 1991; Blaschke et a., 1994).
In some experiments, commercially prepared EHS matrix (Matrigel,
Collaborative Research, Bedford MA) was used. Type | collagen was
extracted from rat tail tendons as described (Lee et d., 1984) and
stored at ~3 mg/ml in 0.1% acetic acid. The collagen solution was
dialyzed 1 part collagen to 10 parts water with 3 changes over 48
hours at 4°C and equilibrated to 1x DME/F12 medium prior to use as
described (Streuli et al., 1991).

Rabbit polyclonal antibodies to a1l (AB1934) and mouse mono-
clonal antibodies (mAbs) to a2 (clone P1E6 and clone CLB-150), a3
(clone P1B5), a6 (GoH3) and (1 (clone JB1a) were obtained from
Chemicon International, Temecula CA. Mouse mAbs against (4
(clone 3E1) were obtained from Life Technologies, Gaithersberg MD.
Rat mAbsto a5 (BI162; Werb et a., 1989), a6 (J1B5; Damsky et al.,
1992) and B1 (AlIB2; Damsky et al., 1992) were also used. Mouse
monoclonal anti-human type IV collagen (PHM-12) (AMD, Armaton,
Australia) was used to assess endogenous basement membrane
immunoreactivity as described previously (Petersen et a., 1992).

Cell culture

Early passage HMT-3522 (Briand et al., 1987) and MCF-10A (Soule
et a., 1990) breast epithelia cells, which behave like normal primary
cells from reduction mammoplasties when cultured within EHS
(Petersen et al., 1992), served as amodel for normal breast epithelium.
These cellsform small polarized acinus-like structures within EHS that
growth arrest by 6-12 days of culture. Tumorigenic HMT-3909/513,
MCF-7 subline 9, and MDA-MB-435 cells were used as a model for
breast carcinoma. These cells form large disordered colonies that grow
continuously when cultured within EHS (Petersen et d., 1992; Howlett
et al., 1994). The normal and carcinoma cells wereinitially cultured in
monolayer as previously described (Petersen et al., 1992; Howlett et al .,
1994). The carcinoma cells require type 1 collagen substrata for
monolayer culture in serum-free medium (reviewed by Blaschke et a.,
1995). The cells were then trypsinized and embedded in either 300 pl
of EHS matrix or a gel of collagen type |, as single cells, a a concen-
tration of approximately 2.5x10° cells per well of a 24-well plate and
cultured as previously described (Petersen et d., 1992).

Immunohistochemistry

EHS cultures were fixed in either 2% paraformaldehyde at ambient
temperature for 20 minutes or in 1:1 methanol:acetone at —20°C for
2-3 minutes. Specimens were embedded in sucrose, frozen in Tissue-
Tek OCT compound (Miles Laboratories), and 5 um frozen sections
were prepared for immunostaining as described (Streuli et al., 1991).
Sections were incubated with primary antibodies for 60 minutes
followed by biotinylated secondary antibodies (30 minutes) and Texas
Red-conjugated streptavidin (30 minutes). Control sections were
stained with second antibodies only.

Integrin function-blocking assays

Antibodies against the a2 (clone P1E6), a3 (clone P1B5), a5 (clone
BI162), a6 (GoH3), and 1 (clone AlIB2) integrin subunits, and
control non-immune mouse and rat 1gG were introduced into the cell-
embedded substratum at the time of EHS and type | collagen gelation
and into the medium at all subsequent medium changes at a range of
concentrations from 10-100 pg/ml.

At the end of experiments, cultures were scored for the capacity of
normal cells to produce mature acinar structures and the tumor cells
to produce colonies. Ten random fields were viewed microscopically
and the numbers of normal spheres or tumor colonies were counted
in each field. The numbers of spheres/coloniesformed in the presence
of antibodies were calculated as a percentage of those formed by
control cultures without antibodies.

Analysis of cellular growth and apoptosis
The growth capacity of cells was determined by 24-hour incorpora-



tion of [3H] TdR (20 Ci/mmol, NEN Research Products, Dupont) and
determination of thymidine-labeling indices in 5 um frozen sections
as described (Petersen et al., 1992).

Apoptosis was assessed in frozen sections by detection of FITC-
digoxigenin nucleotide labelling of 3OH DNA ends using the
ApopTag in situ apoptosis detection kit (Oncor, Gaithersberg, MD).
Thymocytes isolated from human peripheral blood were used as
controls. Nuclei were counterstained with DAPI as described (Streuli
et al., 1991).

Experimental subjects

In conducting research using animals, the investigators adhered to the
‘Guide for the Care and Use of Laboratory Animals’, prepared by the
Committee on Care and Use of Laboratory Animals of the Institute
of Laboratory Animal Resources, National Research Council (NIH
publication no. 86-23, revised 1985). In the conduct of research where
humans were the subjects, the investigators adhered to the policies
regarding the protection of human subjects as prescribed by 32 CFR
219 and subparts B, C and D.

RESULTS

The profile of integrin subunits expressed by normal
and tumorigenic human breast epithelial cells in
vivo is recapitulated in three-dimensional culture

To determine whether normal and tumor cells, cultured within
reconstituted basement membrane, express a profile of
integrins similar to that shown in vivo, normal HMT-3522 cells
and tumorigenic HMT-3909/S13, MCF-7 subline 9 (MCF-
7/9), and MDA-MB-435 breast carcinoma cells were cultured
in EHS matrix for 12 days. Cultures were examined for the
expression of integrin subunits by immunocytochemistry. The
normal and tumorigenic cell lines were found to broadly reca-
pitulate the pattern of integrin subunit expression and local-
ization predicted from published in vivo data (Fig. 1 and Table
1). In normal HMT-3522 cells, weak staining for a1 was seen
in the cytoplasm, and for a2 at the basolateral surface. Staining
for the a3 and 1 subunits was strong, and was localized
primarily to the basolateral surface with some expression
within the cytoplasm (Fig. 1A,D). Staining for the a6 and (34
subunits was also strong, but the signal wasrestricted primarily
to the basal cell surface (Fig. 1G,J). In contrast, HMT-
3909/S13, MCF-7/9 and MDA-MB-435 breast carcinomacells
showed | oss, disordered expression, or downregulation of these
integrin subunits, and the changes appeared to correlate with
the level of tumor aggression in that disordered integrin
expression was most pronounced in the metastatic MDA-MB-
435 cells (Fig. 1; Table 1). All tumor cells expressed al to
varying degrees. Staining for a2, a6, and 34 subunits was not
detected on the metastatic MDA-MB-435 cells, and staining
for a3 and 31 was reduced. The breast carcinoma lines HMT
3909/S13 and MCF-7/9 cells showed disordered expression
and/or losses of these subunits. Staining for a2 and a6 was
confirmed with P1E6 and CBL-150 (02) and J1B5 and GoH3
(a6) antibodies in both normal and carcinoma cells.

Formation of acinar structures within EHS is
integrin dependent

To determine which of the various integrins expressed by
human breast epithelial cells are functionally relevant to the
formation of acinar structures, specific inhibitory anti-integrin
antibodies were used to interfere with this process in reconsti-
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tuted basement membrane culture. Normal HMT-3522 cells
cultured in EHS without antibodies, or with 10 pg/ml or 100
pog/ml of non-immune mouse or rat 1gG, formed well-
organized acinar structures at similar frequencies, although
slight increases were noted for non-immune 1gGs (Table 2). In
contrast, inhibitory anti-B1 subunit antibodies, at similar con-
centrations, severely impaired the formation of spheres by
HMT-3522 cells relative to control cultures, occasiona
spheres were observed scattered throughout the gels, but the
vast majority of the cells introduced into the EHS gels
remained as suspended single cells (Fig. 2 and Table 2). These
effects were observed with two different anti-31 antibodies and
were dose dependent: mouse anti-f1 mAb (JB1a) induced a
two-fold inhibition of sphere formation at 40 pg/ml and a 4-
fold inhibition at 200 pg/ml, whereas rat anti-31 mAb (AlIB2)
caused an almost complete inhibition at 100 pg/ml (Table 2;
Fig. 2). Similar results were obtained at day 6 and day 12 of
culture. These data suggest that sphere formation by normal
human mammary epithelial cells in response to EHS is
dependent on integrin(s) of the B1 integrin family.

To define more precisely which integrins were critical in
signaling acinar morphogenesis, similar experiments were
performed with inhibitory anti-o2, -a3, and -a6 antibodies.
Anti-a3 reduced sphere formation by 50% at 10 ug/ml and by

Table 1. Summary of immunolocalization of integrin
subunitsin human breast epithelial cells cultured in EHS
matrix

Integrin subunit

a2 a6

al (P1ES6; a3 (J1B5; B1 B4
Cell line  (AB1934) CLB-150) (P1B5) GoH3) (AllB2) (3El)
HMT-3522 +* +t ++H+5 T+t +++1 -+t
HMT-3909 +* - +++* +*F ++++ -8
MCF-7/9 +* - =1 -1 + -
MDA- +* -8 +* -8 +* -8
MB-435

*Cytoplasmic localization.

tBasolateral localization.

¥Basal localization.

8Some very weak cytoplasmic staining.

fWeak cytoplasmic staining with J1B5 but mostly negative with GoH3.

Table 2. Effect of function-blocking anti-integrin
antibodies on sphere formation by normal mammary
epithdial cells

Percentage of acinar structures formed
within three-dimensional substrata

Non- Non-
immune immune Mouse  Mouse Rat Rat
Substratum mouselgG  ratlgG  anti-a2  anti-a3  anti-a6 anti-pl

EHS matrix 93.7+19.4 124+24 106.8+31 20.8+15 71.3+x10 6.4+9
Collagen | 130+21.4 123+257 51.8+21 109+43 ND  6.3x83

Normal mammary cells (HMT-3522) were cultured in EHS or type 1
collagen matrix for aminimum of 6 days. The number of mature acinus-like
spheres was scored microscopically in 10 random low power fields. Sphere
frequency is expressed as a percentage relative to control cultures (no
antibodies); values are means + s.d. Anti-o2 (P1E6); anti-a3 (P1B5); anti-a6
(GoH3) and anti-31 (Al1B2) integrin subunit antibodies and control Igs were
used at 100 pg/ml. ND, not determined.
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Normal Tumor Tumor
HMT 3522 HMT 3909 MDA-MB435

31

J -
Fig. 1. Expression of laminin receptor integrin subunits by normal human mammary cells and tumor cells within EHS matrix. Normal and
malignant human mammary epithelial cells were cultured within EHS for 12 days. The a3 (A-C), 1 (D-F), a6 (G-1), and 34 (J-L) integrin
subunits were localized by immunofluorescence in 5 um frozen sections using antibodies P1B5, AlIB2, J1B5 and 3E1, respectively. Normal
HMT-3522 cells show basolateral expression of a3 and 1 (A,D), whereas the carcinoma cells show diffuse cytoplasmic localization of
approximately equal (HMT-3909/S13, B,E) or greatly diminished (MDA-MB-435, C,F) intensity. Normal HMT-3522 cells show strong basal

staining for a6 and 4 (G,J), whereas tumor cells show variable weak cytoplasmic staining (HMT-3909/S13, H,K) or almost no staining at all
(MDA-MB-435, 1,L). Bar, 21 um.
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80% at 100 pg/ml. Anti-a5 and anti-a6 antibodies were much
less effective (about 70% of control) at both 10 pg/ml and 100
pg/ml, while inhibitory anti-a2 antibodies showed no appre-
ciable inhibition. These data indicate that, of the integrin
subunits assayed, o331 appears to be the most significant in
mediating morphogenesis in a basement membrane matrix.
The extent of inhibition with anti-a3 antibodies was not equiv-
alent to that with anti-p1, suggesting either that 100 pg/ml of
anti-a 3 antibodies was not sufficient to block or that additional
B1 integrins may also be involved.

Normal HMT-3522 cells utilize alternative integrins
for sphere morphogenesis in collagen type | gels
Norma mammary epithelial cells encounter basement
membrane (BM) in vivo, and the data presented herein suggest
that formation of acinar structures in response to BM requires
0331 integrin. Previous studies have shown that the normal
mammary cell line MTSV1-7 utilizes o231 integrin to form
tubules and balls in response to collagen type | (Berdichevsky
et a., 1992). We therefore analyzed the capacity of normal
mammary cells to form spheres and deposit endogenous BM
in type | collagen gels. Normal HMT-3522 cells produced
well-ordered spheres in collagen gels as evidenced by mor-
phology (Table 2; Fig. 2). However, although HMT-3522 cells
basally deposited endogenous type IV collagen and laminin in
reconstituted BM (as previously reported, Petersen et al.,
1992), the cells did not deposit endogenous BM when cultured
in type | collagen (Fig. 3). This suggests that although HMT-
3522 cells are capable of forming spheresin both substrata, the
level of organization of these structures is not equivalent.

DAPI

EHS

CI

The process of sphere formation by HMT-3522 cellsin type
| collagen gels was inhibited by 100 pug/ml of inhibitory anti-
1 antibodies to approximately the same extent as that found
in EHS. Further analysis of the effects of inhibitory anti-o2
and a3, antibodies showed that in contrast to the data obtained
for EHS cultures, 100 pg/ml of anti-a3 antibodies had no
appreciable effect on sphere formation in collagen gels, but
with anti-a2 approximately 50% inhibition was observed
(Table 2; Fig. 2). Although this effect was analogous to a3
blocking in EHS, the a2 block in collagen was weaker than
the 31 block and aso was variable. These data suggest that 31
integrins mediate sphere formation by HMT-3522 cells in
collagen gels as they do in EHS but that a different member of
the 1 family (0231 instead of a3B1) may be preferentialy
used to respond to collagen.

The inhibition of acinar morphogenesis by anti-
integrin antibodies is associated with an inhibition
of cell growth

Previous studies with normal mammary epithelial cells using
analysis of thymidine-labeling indices (TLI) have shown that
an initial burst of cell growth is followed by organization of
the cells into well-differentiated acinar structures whose
growth isarrested by day 7-12 of culture (Petersen et a ., 1992).
The data presented in this report show that acinar formation is
integrin dependent. Since norma mammary cells seeded into
EHS in the presence of inhibitory anti-integrin antibodies
remain suspended as single cells for the duration of the exper-
iments, we asked whether the inhibitory antibodies interfered
with acinar formation by blocking cellular growth. The

CIv

Fig. 3. Expression of endogenous basement
membrane by normal HMT-3522 cells
cultured within reconstituted basement
membrane (EHS) and type 1 collagen (Cl)
gels. HMT-3522 cells were cultured within 3-
dimensional substratafor 12 days. 5 um
frozen sections were double stained with
DAPI to visualize nuclei (A,C) and with
antibodies specific for human type IV
collagen (CIV; B,D) to assess endogenous
basement membrane immunoreactivity. Note
that HMT-3522 cells form acinar structuresin
both substrata but basally deposit endogenous
basement membrane in reconstituted BM only
(B). Bar, 18 um.



thymidine-labeling indices of normal HMT-3522 cells in both
EHS and collagen were determined at day 2 and day 6 of
culture.

In the absence of inhibitory anti-31 antibodiesthe TLIswere
approximately 60% at day 2 in both substrata but fell to 8.8%
in collagen and 3% in EHS by day 6 as the cells formed dif-
ferentiated acini. In contrast, in the presence of inhibitory anti-
1 antibodies the cells remained suspended as single cells, and
the TLIswere low at day 2 in both substrata and remained low
throughout the experiment (Table 3; Fig. 4). At day 6 of culture
in both substrata, thelow TLIs observed in the presence of anti-
B1 antibodies reflect a small number of growth-arrested dif-
ferentiated cells that formed acini by escaping the antibody
blockade, and a majority of growth-inhibited single cells
blocked by anti-integrin antibodies. These data suggest that an
initial phase of cell growth is a requirement for acinar
formation in three-dimensional culture. Thus, acinar formation
appears to be a two-step process involving a Bl-integrin-
dependent cellular growth phase, followed by a phase of cell
polarization to form the final organized structures.

Interruption of normal mammary cell-basement
membrane interactions induces apoptosis

Prevention of appropriate cell-ECM contact by use of non-
adhesive (polyHEMA) coated substrata, ECM fragments or
RGD peptides can inhibit cell growth and differentiation in
anchorage-dependent cells (Hayman et al ., 1985; Ingber, 1990)
and trigger programmed cell death or apoptosis (Frisch and
Francis, 1994). Data presented herein show that inhibition of
mammary cell attachment to basement membrane by ligation
of B1 integrins blocks cellular growth and acinar formation.
We therefore asked whether the inhibition of mammary cell-
BM interaction induces apoptosis. Normal HMT-3522 cells
were embedded within EHS matrix in the presence or absence
of function-blocking anti-B1 antibodies and assayed for
evidence of apoptosis at day 2 and day 6 of culture by detection
of FITC-digoxigenin nucleotide labelling of 3'OH DNA ends
using the ApopTag in situ apoptosis detection kit.

In the absence of anti-Bl antibodies, HMT-3522 cells
formed acinar structures as described above. Apoptotic nuclei
were detected infrequently (0.74%) at day 2, whereas at day 6,
6.3% of single cells not incorporated into acini and 2.5% of

Table 3. Effect of function-blocking anti-B1 integrin
antibodies on normal breast epithelial cell growth within
three-dimensional substrata

Thymidine-labeling index

Medium Anti-B1

Substratum (no antibodies) integrin
Day 2

EHS matrix 60+22 2.245.7

Collagen | 62+23 14.2+16
Day 6

EHS matrix 3+35 2.5+7

Collagen | 8.8+25 0

Normal breast cells (HMT-3522) were cultured in EHS matrix and
collagen | substrata for 2-6 days. Cultures were labeled with [3H]thymidine
on days 2 and 6 of culture. 5 um frozen sections were processed for
autoradiography. Values are means + s.d. Theinhibitory anti-p1 (AlIB2)
integrin subunit antibody was used at 100 pg/ml.
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individual cells within acini were stained with the ApopTag
reagents (Fig. 5). In contrast, in the presence of anti-B1 anti-
bodies, 20.9% of the cells contained nuclei stained by
ApopTag reagents at day 2 and at day 6, 59.9% of the nuclei
were labelled. Interestingly, a small number of acini (~6% of
control) formed in the presence of inhibitory anti-B1 integrin
(see Table 2). The cells within these acini did not contain
nuclei stained with the ApopTag reagents.

These data suggest strongly that 31 integrinstransmit signals
from ECM that are required for survival.

Inhibitory anti-integrin subunit antibodies do not
block colony formation by breast carcinoma cells in
reconstituted basement membrane

To determine whether the formation of colonies by breast
carcinoma cells in reconstituted basement membrane reflects a
failure of the cells to sense BM correctly, the effects of
inhibitory anti-integrin antibodies were tested on HMT-
3909/S13 and MDA-MB-435 cells. We found that inhibitory
anti-1 antibodies did not inhibit the capacity of tumor cellsto
make colonies within EHS at 100 pg/ml; the concentration that
inhibited acinar formation by normal cells (Table 4A). Fur-
thermore, anti-a2, -03, and -a6 antibodies were also ineffec-
tive, athough in the presence of anti-a3 the MDA-MB-435
cells appeared to send out more cellular processes at the
margins of the tumor colonies (data not shown).

We then asked whether inhibitory anti-integrin antibodies
could influence the growth properties of breast carcinoma cells
or induce apoptosis in three-dimensiona culture. HMT-
3909/S13, MDA-MB-435 and MCF-7/9 cells were cultured in
Matrigel for 6 days in the presence or absence of anti-B1
integrin antibodies. Growth was assessed by [3H]TdR auto-
radiography and apoptosiswas evaluated by detection of FITC-
digoxigenin nucleotide labelling of 3'OH DNA ends using the
ApopTag in situ apoptosis detection kit. Control cultures (no
antibodies) of HMT-3909/S13 and MDA-MB-435 carcinoma
cells showed moderate TLIs of approximately 10%, whereas
MCF-7/9 cells grew more aggressively, withaTLI of 25%. No
inhibition of cellular growth was observed in the presence of
inhibitory anti-f1 antibodies (Table 4B). In fact dlight
increases in labeling indices were noted for HMT-3909/S13

Table 4. Effect of function-blocking ant-B1 integrin
antibodies on colony formation and cellular growth of
mammary car cinoma cells within reconstituted basement

membrane
Percentage of colonies* Thymidine-labeling indext
Non-immune  Anti-p1 Medium Anti-p1
Cells 19G integrin  (no antibodies) integrin
HMT-3909/S13 61 100 10.1+12.8 19.2+10.1
MDA-MB-435 88 1274 9.0£5.0 7.0x1.4
MCF-7/9 ND ND 25.0£8.6 43.4+5.9

*To assess colony formation, carcinoma cells were cultured in EHS matrix
for aminimum of 6 days. The number of tumor colonies was scored
microscopically in 10 random low-power fields. Colony frequency is
expressed as a percentage relative to control cultures (no antibodies).

1To assess growth, carcinoma cells were cultured within Matrigel for 6
days. Cultures were labeled with [3H]thymidine and 5 pm frozen sections
were processed for autoradiography. Values are means + s.d.

Theinhibitory anti-B1 (AlI1B2) integrin subunit antibody was used at 100
pug/ml. ND, not determined.
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Day 2

EHS
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Fig. 4. Inhibition of cellular growth within ECM substrata by function-blocking anti-integrin antibodies. Normal HMT-3522 cells were
cultured within EHS matrix (EHS; A-D) and collagen | (Cl; E-H) for 2-6 days. Cultures were |abeled with [3H]thymidine on day 2 and day 6 of
culture. 5 um frozen sections were stained with DAPI to visualize nuclei and processed for autoradiography. At day 2 a high proportion of
nuclei are labeled with thymidine (arrowheads) in both ECM substrata in the absence of inhibitory anti-integrin antibodies (A,E). In contrast,
few nuclei are labeled at day 2 in the presence of 100 pg/ml inhibitory anti-B1 antibody (clone AlIB2) (B,F). By day 6 HMT-3522 cells
cultured without antibodies proceed to form growth-arrested acinar structuresin both ECM substrata (C,G) (open arrows), whereasin the
presence of inhibitory anti-B1 antibodies the cells do not incorporate thymidine and fail to form acinar structures (D,H). Bar, 33 um.

and MCF-7/9 cells. The percentages of nuclei stained with
ApopTag reagents for these three carcinoma lines were 4.85%,
0%, and <1%, respectively, without antibodies and 5.6%, <1%
and <1% with inhibitory antibodies. These data demonstrate
that, even though certain integrin subunits are expressed in
these carcinoma cell lines (Table 1, Fig. 1), interfering with
their function does not block cell growth, inhibit colony
formation or induce apoptosis in these cells (Fig. 6).

DISCUSSION

Interactions between mammary epithelium and extracellular

matrix have been shown to be critical to mammary-specific
growth and differentiation. Mouse and human mammary
epithelia cells cultured on, or within, reconstituted basement
membrane undergo a process of morphogenesis to form
polarized acinar structures that secrete sialomucins and milk
proteins apically and deposit basement membrane components
basally. Tumor cells, on the other hand, fail to recapitulate this
process and produce large, poorly differentiated colonies.
These data suggest that interactions between mammary epithe-
lia cells and their microenvironment are important in regulat-
ing normal cellular functions and that these interactions are
disturbed in tumorigenesis.
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Anti-B1

ApopTag

Fig. 5. Induction of apoptosis within EHS matrix by function-blocking anti-integrin antibodies. Normal HMT-3522 cells were cultured within
EHS matrix for 2-6 days. 5 um frozen sections were double-stained with DAPI to visualize nuclei (A,C,E,G) and with FITC-conjugated anti-
digoxigenin to detect digoxigenin-labeled genomic DNA in apoptotic nuclel (B,D,F,H). (A-D) 2-day cultures of HMT-3522 cells suspended in
EHS matrix without antibodies (A,B) or with 100 pg/ml inhibitory anti-B1 integrin antibodies (clone Al1B2) (C,D). (E-H) 6-day cultures of
HMT-3522 cells without antibodies (E,F) or with inhibitory anti-B1 integrin antibodies (G,H). Note the presence of apoptotic nuclei
(arrowheads) in cells which remain suspended as single cells after 6 days of culture with anti-B1 integrin antibodies (H). Bar, 25 um.

Interactions with ECM are mediated by integrins, and there
isevidencein mouse cellsthat 1 integrin signaling isinvolved
in mammary epithelial differentiation in culture in response to
basement membrane (Streuli et al., 1991). The basement
membrane response is now known to be mediated by laminin
(Streuli et al., 1995).

Human mammary epithelia cells in vivo express several
integrins that recognize laminin. The expression of these
integrins has been found atered in the majority of human
breast carcinomas studied and the severity of receptor losses
or downregulation correlates with tumor grade (Pignatelli et
al., 1991; Koukouliset al., 1991, 1993). This suggests that dys-
regulation of integrin expression may be an important

parameter in breast tumorigenesis. Our analysis of the profile
of integrin subunit expression in normal HMT-3522 cells and
three breast carcinoma cell lines, HMT-3909/S13, MCF-7/9
and MDA-MB-435, following culture in reconstituted
basement membrane, broadly agrees with published in vivo
observations. Norma HMT-3522 cells showed weak
expression of al in the cytoplasm and a2 at the basolateral
surface, and abundant expression of a3 and 1, primarily at
the basolateral surface, and a6 and 34 at the basal cell surface.
These data suggest that a2p1, a3B1, a6B4 and potentialy
a6f1 are the major integrins for laminin expressed in HMT-
3522 cells. The significance of the a1 integrin staining in the
HMT-3522 cells is not clear as previous reports have demon-
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Fig. 6. Effect of inhibitory anti-integrin antibodies on tumor colony
formation, cellular growth and cell survival. MCF-7/9 cells were
cultured for 6 daysin reconstituted BM with no antibodies (A,C,E,)
or with 100 pg/ml inhibitory anti-B1 integrin antibodies (clone
AlIB2) (B,D,F). Cultures were labeled with [3H]thymidine and 5 pm
frozen sections were stained with DAPI to visualize nuclei and then
either processed for autoradiography (A,B) or stained with FITC-
conjugated anti-digoxigenin to detect digoxigenin-labeled genomic
DNA in apoptotic nuclei (B,D,F). (A,C,E) Coloniesformed by MCF-
7/9 cells cultured without antibodies that have thymidine-labeled
nuclei (A) but no apoptotic nuclei (C, DAPI; E, FITC-anti-
digoxygenin). (B,D,F) Similar colony formation by MCF-7/9 cells
cultured with anti-B1 integrin. The colonies also have thymidine-
labeled nuclel (B) but no apoptotic nuclei (D, DAPI; F, FITC-anti-
digoxygenin). (G,H) Control human peripheral blood leukocytes
stained with DAPI (G) and FITC-anti-digoxygenin (H). Note the
presence of apoptotic nuclei in the leukocytes (H). Bar, 25 pm.

strated a1 localization in both luminal epithelial (Koukoulis et
al., 1993) and myoepithelial cells of the breast (Lazard et al.,
1993; O. W. Petersen, unpublished observations). The breast
carcinoma cell lines HMT-3909/S13, MCF-7/9 and MDA-
MB-435 showed loss, disordered expression, or downregula-
tion of these integrin subunits. The changes were most severe
in the metastatic MDA-MB-435 cells, suggesting a correlation
between dysregulation of integrin expression and aggressive
tumor behavior consistent with the in vivo survey data
discussed above. These data validate our reconstituted
basement membrane assay, provide new markers of differen-
tiation to distinguish normal and malignant breast epithelial
cells in our 3-D assay, and provide a basis for evaluating the
functional roles of integrins in mediating signals from ECM
for mammary-specific differentiation in culture.

The formation of polarized acinus-like spheres is one
parameter of normal mammary function that is regulated by
basement membrane. This morphogenesis has been shown in
turn to be required for biosynthetic aspects of mammary differ-
entiation, including the expression of the milk whey acidic
proteinin mouse cells (Chen and Bissell, 1989; Lin and Bissell,
1993), apical secretion of sialomucin, and formation of
endogenous basement membrane in human breast cells
(Petersen et al., 1992; Howlett et al., 1994). Through the use
of specific inhibitory anti-integrin antibodies, we have shown
that the morphogenesis of acinar structures by normal breast
epithelial cellsis dependent on integrins. Inhibitory antibodies
specific for the B1 integrin subunit virtually abolished the
sphere-forming capacity of normal HMT-3522 cells in both
reconstituted basement membrane and in type | collagen gels.
Preliminary data with another normal mammary epithelial cell
line MCF-10A (Soule et a., 1990) showed similar trends (data
not shown). These data suggest that integrins are involved in
a genera mechanism by which mammary epithelia cells
perceive morphogenetic signals from the ECM. Our experi-
ments with inhibitory anti-a subunit antibodies suggest a
specificity of integrin signaling that is dependent on the nature
of the ECM presented to the cells. The a231 receptor may be
preferentially utilized for interactions with collagen which is
consistent with data showing that a2f31 mediates the morpho-
genesis of MTSV1-7 breast epithelial cells (Berdichevsky et
al., 1992, 1994; D’ Souza et a., 1993) and the well differenti-
ated breast carcinoma cell line T47D (Keely et a., 1995)
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induced by type 1 collagen. In contrast, a3(31 may be preferred
for interactions with basement membrane. Both receptors
recognize laminin and collagen (Hynes, 1992). Thus, the lack
of inhibition of HMT-3522 morphogenesis by anti-o2 antibody
in EHS and anti-a3 antibody in collagen suggests that
mammary cells can modulate either the expression of these
receptors or their binding affinities depending on the ECM
ligands encountered. Support for the latter possibility was
provided by observations on MTSV1-7 cells transformed by
the c-erb-B2 gene in which losses of a231, but not a3p1, lead
to a failure to undergo morphogenesis in collagen gels
(D’'Souza et a., 1993). This suggests that although MTSV1-7
cells have a3p1 integrin, they do not use this receptor for
formation of 3-dimensional structuresin collagen. The lack of
inhibitory effects of the anti-a6 antibody GoH3 on sphere
formation is consistent with the lack of inhibition of basement
membrane-induced [-casein expression in mouse mammary
cells using this antibody (Streuli et al., 1991) and suggests that
06B1 may not be critica to mammary differentiation in
response to BM. However, o631 integrin may be important in
other tissues such asthe lung, since the E8 fragment of laminin
which binds to a6B1 (Sonnenberg et a., 1990), isinvolved in
signaling lung alveolar morphogenesis by basement membrane
(Matter and Laurie, 1994). The a3B1 integrin binds the E3
fragment of laminin (Gehlsen et al., 1992), rather than E8 and
it was recently shown that a domain within E3 is required for
the induction of B-casein in mouse mammary cells (Streuli et
al., 1995). Although direct evidence for arole for a3B1 in B-
casein expression is lacking, these data further suggest a role
for a3B1 in basement membrane-induced functions of
mammary cells.

The laminin form found in EHS matrix (laminin 1) isknown
to be aweak ligand for a3p1 integrin, whereas kalinin (laminin
5) shows much stronger affinity for this receptor (Weitzman et
a., 1993). Thus, although our data indicate that acinar mor-
phogenesis by mammary cells can be driven by EHS, a role
for endogenous BM rich in kalinin or another laminin isoform,
cannot be discounted. Our analysis of the capacity of HMT-
3522 cells to deposit endogenous BM showed that while both
EHS and type 1 collagen can support the formation of spheres,
the deposition of endogenous BM was induced in EHS only.
These data indicate that endogenous BM is not necessary for
sphere formation, but that the level of sphere organization is
different in the two substrata. The data also indicate that both
type 1 collagen and reconstituted BM can downregulate
growth. These data fit with studies on well and poorly differ-
entiated pancreatic carcinoma cell lines cultured in matrigel
and type | collagen where endogenous BM deposition was
found in matrigel only (Yamanari et a., 1994). While this point
is not emphasised, their data also indicate that the formation of
3-D structures in the two substrata is not the same - the cells
with a capacity for differentiation are more differentiated in
matrigel than in type 1 collagen.

We have observed agrowth-inhibitory effect associated with
the anti-integrin-mediated block to acinar morphogenesis in
EHS matrix and collagen I. Inhibitory anti-B1 integrin anti-
bodies severely inhibited the growth of HMT-3522 cells such
that the cells remained in suspension as single cells for the
duration of the experiment. Similar results were obtained with
MCF-10A cells (data not shown). These data suggest that the
initial pulse of cellular growth observed prior to growth arrest
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for normal cellsin EHS and collagen | (Petersen et a., 1992,
and data presented herein) is a prerequisite for acinar morpho-
genesis by mammary epithelial cells under our present assay
conditions where cells are seeded at low density. Previous
reports of continuous propagation of normal human mammary
epithelial cellsin collagen gels (Yang et al., 1982; Sakthivel et
al., 1993) may reflect differences in media composition and/or
cell densities within the gels. If the pulse of growth observed
in our assay is prevented by ligating ECM receptors with
inhibitory anti-B1l integrin antibodies, the cells undergo
apoptosis. These data support the hypothesis that if integrin-
mediated contact with ECM is denied, the cells can neither
grow nor differentiate and are unable to survive (Frisch and
Francis, 1994; Boudreau et al., 1995; for review see Ruodlahti
and Reed, 1994).

An important characteristic of tumors, in addition to loss of
growth control, is disrupted tissue histoarchitecture and
changes in adhesive cellular interactions as well as cell-ECM
interactions. The inability of tumors to produce organized
three-dimensional structuresin culture has been observed both
in reconstituted BM (Petersen et al., 1992,) and collagen gels
(Shearer et al., 1992). Most significantly, our data with
inhibitory antibodies show that formation of colonies by three
breast carcinoma cell lines (HMT-3909/S13, MCF7/9 and
MDA-MB-435) proceeds in the presence of inhibitory anti-
integrin antibodies. That the antibodies did not inhibit
carcinoma cell growth or induce apoptosis suggests that tumor
colony formation occurs independently of the integrin
signaling utilized by normal cells to produce acinar structures
in reconstituted basement membrane. The variable, disordered
expression of integrin subunits on the carcinoma cells suggest
that those integrins that are present are either insufficient in
quantity, improperly localized to deliver asignal to the cell, or
otherwise inactive. However, it is highly unlikely that p1
integrins are entirely nonfunctional in these cells, since our
previous studies indicate that in the absence of serum, all three
of the tumor cell lines required type 1 collagen to adhere and
to grow in a 2-dimensional monolayer culture.

Taken together, our data demonstrate that normal breast
epithelial cells form acinus-like structures from single cells by
aprocess that involves at least two distinct phases: (1) growth;
and (2) conversion of the cell group into differentiated struc-
tures. The growth phase is B1-integrin-dependent; if the cells
are deprived of the BM signal, the cells enter an apoptotic
pathway. In contrast, breast carcinoma cells form disordered
colonies independently of B1 integrins; cellular growth is not
inhibited and apoptosis is not induced by antibody blockade.
Thus, defects in cellular responses to microenvironment,
including ECM, may be an important parameter of malignancy
in addition to other established genetic lesions. Consistent with
the above is the observation that elevation of the expression of
the a5B1 receptor for fibronectin by transfection into tumori-
genic Chinese hamster ovary cells leads to increases in
fibronectin deposition, restoration of anchorage dependence
and inhibition of tumorigenicity (Giancotti and Ruoslahti,
1990).

Our data demonstrate that integrins play an active role in
both the growth and survival of norma human breast cells. We
believe this is also the the first demonstration that tumor cells
do not use 31-containing integrins for either of these processes.
The mechanisms by which breast carcinoma cells escape

integrin-mediated regulation of growth and apoptosis remain
to be determined and elucidation of this process will be a
valuable step toward further understanding the nature of human
breast malignancy.
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